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A Computational Technique for Iron Losses in
Electrical Machines
I. Introduction
Designing and analyzing an electrical machine can be complicate due to the complex geometry and the nonlinear
materials. In particular two important aspects have to be taken into consideration during the design and analysis
process: accuracy and computational time [1]. Many analytical models [2]–[4] have been developed. Such models are
very useful for an initial design, but they cannot be adopted for accurate representation of the machine due to complex
geometric shapes and nonlinear materials. Therefore, Finite Element (FE) models have to be considered at the expense
of computational time, mostly if the model is considered 3-Dimensional. The goal is thus to improve the accuracy of
the model reducing the computational time.
An example can be found in the computation of the iron losses of an electrical machine. Often, the iron losses are
computed in post-processing and they are estimated by means of empirical formulas which are not precise. Calculating
them explicitly requires long execution time because a 3D model is required. In order to avoid this inconvenient, the iron
losses have to be modeled considering particular approaches such as homogenization techniques and using vectorized
hysteresis models, both applied to 2D FE models.
In this paper, a new computation method for the iron losses in electrical machines is adopted taking into account
the minimization of the computational time through the implementation of a homogenization technique. In particular,
the iron losses due to the eddy currents are modeled either explicitly or adopting a homogenization technique, while
the iron losses due to the hysteresis phenomenon are modeled incorporating a Jiles-Atherton vector hysteresis model.
In order to validate the model, an iron ring available in our laboratory has been considered in order to perform some
experimental tests. Several FE simulations have been carried out highlighting the accuracy of the homogenization
technique and of the hysteresis model. The experimental and numerical results will be compared in the full paper. The
considered model will be applied to an inset Permanent Magnet (PM) synchronous machine.
II. Iron losses models
The losses in iron laminations can be split into three parts: eddy current losses, hysteresis losses and excess losses
as reported in (1) [5].
Pfe = Peddy + Phys + Pexc = keddyf2B2m + khysfBαm + Pexc (1)
where f is the frequency, Bm the peak value of the magnetic flux density, keddy, khys and α are constants provided
by the manufactures. This standard method is typically implemented in the most part of the available FE software,
nevertheless it is not precise because it assumes sinusoidal variation of the magnetic flux density and it depends from
empirical parameters provided by the manufacture of the iron lamination. Other more accurate approaches have to be
adopted in order to overcome the limit of the standard method [1]. In next sections, new method for the computation
of the iron losses will be explained.
A. Iron losses due to eddy currents
An iron lamination of width w, length l and thickness d is considered. The lamination is parallel to the xz-plane
and the middle of the thickness d coincides with y=0. The iron is assumed magnetically isotropic and its electrical
conductivity σ is constant. The lamination carries a magnetic flux density B that can be induced by permanent magnets
as well as windings.
In order to compute the eddy currents induced in the lamination, the following differential equations and constitutive
laws can be considered:
∇×E = −∂B
∂t
, ∇×H = J, ∇ ·B = 0,
Jeddy = σE, H = ν(B2)B,
(2)
where E is the electrical field, B the magnetic flux density, H the magnetic field and Jeddy the eddy current density.
Moreover, the reluctivity ν = µ−1 is a function of B2.
In order to compute the eddy current distribution, a 3D FEA has to be considered, but it requires a high computa-
tional time. Thereby, 2D FEA are considered neglecting the 3D effects in the lamination. There are different ways for
Fig. 1. Iron lamination of width w, length l and thickness d.
computing the iron losses due to eddy currents: either explicitly implementing the (2) or considering a nonlinear homog-
enization technique. However, particular attention has to be paid when (2) are explicitly implemented. In particular,
the homogenization technique allows to implement 1D problems coupled with the FE equations approximating, in this
case, the behaviour of the fields in the lamination and reducing the computational time. To apply that homogenization
technique, the equations described in [6] have to be coupled in the formulation of the field. From the values obtained
by the formulation resolution, it is possible to compute the iron losses applying the homogenization technique along
y-axis in the post-processing. In our case a II-order homogenization has been considered and it means the magnetic
flux density is approximated with a II-order polynomial as function of y.
B. hysteresis losses
The Jiles-Atherton model is used to determine the iron losses due to the hysteresis phenomenon [7]. The full
description of the hysteresis loss inclusion will be presented in the full paper.
III. Validation of the model
The method described above has been implemented end validated considering two machines: an iron ring and an
inset PM synchronous motor. In the first case, the iron ring has been simulated considering both 2D and 3D models
which have been validated by experimental results. A comparison between the standard method and the new approach
will be presented in the full paper. In the second case, the method is applied either to a 2D geometry or 3D geometry.
A. Description of the iron ring machine
As said above, an iron ring available in our laboratory is considered and it is shown in Fig. 2. It is characterized
Fig. 2. The iron ring simulated by way of 2D and 3D FEA and tested by experimental tests.
by a laminated iron core composed by 80 laminations with an external diameter De=215 mm, an internal diameter
Di=145 mm and a height h=40 mm. The two windings are obtained by 100 turns.
Such a machine is particular suitable for determining the iron losses because the magnetic flux density inside the
iron is quite constant in a cross-section of the machine and the joule losses in the windings can be well determined.
B. Finite Element simulations and experimental results
Several transient 2D and 3D FE simulations of the iron ring have been carried out considering different frequencies
and loads. A sketch of the geometry of the iron ring is shown in Fig. 3. The simulated geometry is half of the whole cross
section of the real machine. Basically, it is composed by the iron stack surrounded by the coil. Between the coil and
the iron stack, a thin film of air is present. Another region of air surrounds the geometry until the external boundary
where the constraints are applied. Between each lamination, a thin film of isolation is considered. The supply sources,
both current and voltage, can be applied by means of external circuit coupling.
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Fig. 3. A sketch of the geometry of the iron ring.
In the FE model, both eddy current and hysteresis phenomena are considered.
As said before, the distribution of the eddy currents in the laminations can be computed either explicitly or by way
of homogenization technique. In the first case, the mesh in Fig. 4(b) is considered. The number of elements in the
thickness d is 10 and they are necessary for highlighting the skin effects. In the second case, Fig. 4(a) shows the mesh
used when the homogenization technique is applied. The elements number in the thickness d can be limited to two
elements because the distribution of the eddy currents can be straightforwardly reconstructed in the post-processing.
(a) mesh used for the explicity computation of the eddy
current.
(b) mesh used with the homogenization technique.
Fig. 4. Details of the mesh used in the simulations.
In Fig. 5 the distribution of the eddy currents in the laminations is shown imposing a current density J=106 A/m2
at frequency f=5 kHz. A high value of the frequency has been chosen in order to highlight the skin effects in the
laminations. Fig.5(a) shows the distribution when the eddy currents are explicitly computed, while Fig.5(b) shows the
distribution when the eddy current are computed with the homogenization technique. It is worth noticing that no
border effects are present using the homogenization technique due to the approximated model. For this comparison
the mesh has been considered the same.
In Fig. 6 the distribution of the magnetic flux density |B| along a lamination thickness d is reported either for
the explicit computation or for the computation through homogenization technique. The label nohomo indicates the
explicit computation, while the label homo the computation through homogenization technique. As can be noticed, the
curve obtained with homogenization technique overlaps the curve obtained with the explicit computation. The curve
of explicit computation is segmented due to the discretization of the laminations.
Fig. 7 shows the iron losses due to the eddy currents in a lamination of thickness d versus the frequency. 2D model
with homogenization technique and 3D model with explicit computation are considered and it is worth noticing a good
agreement between the results.
(a) explicit computation. (b) homogenization technique.
Fig. 5. Details of the eddy current distribution.
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Fig. 6. Distribution of the magnetic flux density |B| in a
lamination thickness d.
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Fig. 7. Iron losses due to the eddy currents in a lamination vs
the frequency. 2D model with homogenization technique and 3D
model with explicit computation of the losses are considered.
More details on the hysteresis phenomenon, the comparison between standard and new method and the experimental
results will be shown in the full paper.
IV. Application example on a inset pm synchronous machine
After the validation of the model through experimental tests, a particular inset PM machine is considered. This kind
of machine is obtained starting from a Surface Permanent Magnet (SPM) machine and by adding a sort of iron teeth
between each couple of magnets. In Fig. 8(a) a sketch of the geometry of the machine is shown, while in Tab. I the
main data are reported. Fig. 8(b) and 8(c) represents the magnetic flux lines in the machines at no load and at full load
conditions. The motor is simulated in 2D and 3D models considering eddy current losses and hysteresis phenomenon.
In the 2D model, the homogenization technique for the computation of the eddy current losses is adopted [9].
More details will be reported in the full paper
V. Conclusion
In this paper, a new computation method for the iron losses in electrical machines is adopted taking into account
the minimization of the computational time through the implementation of a homogenization technique. In particular,
the iron losses due to the eddy currents are modeled either explicitly or adopting the homogenization technique, while
the iron losses due to the hysteresis phenomenon are modeled incorporating a Jiles-Atherton vector hysteresis model.
Several 2D and 3D FE simulations have been carried out in order to validate the computation method and a good
agreement has been found in the results. The experimental and numerical results will be compared in the full paper.
The considered model will be applied to an inset Permanent Magnet (PM) synchronous machine.
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Fig. 8. Cross-sections of the inset machine.
TABLE I
Main geometry and material data of the inset motor
Pole number 2p 4
Phase number m 3
Nominal Current In 3 A
Phase resistance Rph 6.75 Ω
Slot number Qs 24
Fill factor kfill 0.5
Air gap g 0.3 mm
External diameter De 120 mm
Inner diameter Di 70 mm
Slot height hs 15 mm
Back iron height hbi 10 mm
Stack length Lstk 40 mm
lamination thickness d 0.65 mm
PM coercitive field Hc −629 kA/m
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